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SUMMARY

Heat-transferratesatthestagnationpointof1.0-inch-diameter
glasssphericalmodelshavebeenmeasuredin shock-tubeflowsinair
whichcorrespondedto free-flightconditionsbetweenMachnumbersof 6.4
and13.9 withstagnationtemperaturesup to 7,900°R. Theheat-transfer
ratesweredeterminedfrommeasurementsofthesurface-temperaturechangeb
withtimeofa thin-film-platinumresistancethermometer.Thetestresults
arepresentedandccmparedwiththeresultsfromthetheoriesofLees

9 (JetPropulsion,April1956) andFayandRidden (AVCOResearchReport1).
Theexperimentalresultsobtainedgivelowerheat-transferratesthan
boththeoriesbutaremorecompatiblewithresultsfromthetheoryofLees.
Thesetestresultsarealso
resultsobtainedby theuse

comparedwiththermocoupledataandwiththe
of similsrconfigurations.

INTRODUCTION

Manyaerodynamicproblemsofhypersonicflight,suchas theheat-
transferrateat thestagnationpoint,canbe studiedina shocktube.
Thisproblemis of interestatpresentandisamenabLeto investigation
becausetheshocktubecangeneratethehightemperaturesnecessaryto
simulatehypersonicconditions.Forinvestigationsof theheat-transfer
rateat thestagnationpoint,o~y thestagnationenthal~andpressure
needbe duplicated.ThedifferencebetweentheflightandtestMach
nuniberscanbe neglectediftheexternalflowfieldsaresimilar.These
conditionscanbe obtainedinthestraightportionof thetubefora
limitedflowregionbehindtheprimaryshockwave.A seriesoftests
werethereforemadeina high-pressureshock-tubefacilityinthe
LangleyGasDynamicsBranchto obtainheat-transferratesat thestag-
nationpointfora rangeof conditionsavailableina shocktube. These
testsweremadewitha fastresponding,thin-film-platinumresistance

. thermometermountedonthesurfaceofa l-inch-diameterglassmdel. The
resultsof severaltestssrepresentedandshowtheheat-trsnsferrates
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at thestagnationpointobtainedforconditionscorrespondingto a range
infree-flightMachnumberfrom6.4 to 13.9 at highaltitudes.The
experimentalresultsarecomparedwiththetheoreticalresultsbasedon

“#

theworkofLees(ref.1)andFayandRiddeU (ref.2). Theseresu3.ts
arediscussedto showcompatibilitywiththeexperimentalresultsof
RoseandStark(ref.3) andwiththeresultsof similartestsmadewith
theuseofa surfacethermocoupleelementofthesameorderofthiclmess
as thethin-filmthermometer.Thethermocoupledatawereobtainedin
a previousinvestigationby MortonCooperandJimJ. Jonesofthe
LangleyAeronauticalLaboratory.
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SYMBOLS

specificheatofglass,0.20Btu/lb-OF

currentintensity,volts

enthslpyofair,Btu/lb

current,amp

diffusivityof glass,6.67 x 10-6sqft/sec

Wch number

pressure,atm

heat-transferrate,Btu/sqft/sec

resistance,ohms

Reynoldsnur.iber,basedonmodeldiemeter

time,sec

temperature,OR

surface-temperatureriseas a functionoftime,%

unitweightofglass,139.2lb/cuft

Subscripts:

o stagnationregionbehindshock;alsorefersto sensitiveelement ●

1 regionaheadofprimaryshock
.
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2 regionbehindprimaryshock
*- 3 regionbehindstationarymodelbowshock

a assumedvalue

e experiment

s relatedtoprimaryshock

th relatedtotheory

w wallcondition

APPARATUSANDExPmmmTAL METEODS

Heat-transfermeasurementsweremadeina ~-inch-diametershock
. tubewithairas thetestmedium.A shockinthetubewasgeneratedby

burstingmetaldiaphragmswithhigh-pressureheliumorhydrogengas.
Whentheresultingshockwavereachedthemodelthetemperaturemeasure-.
mentsbeganandcontinuedforthedurationof theapproximatelysteady
flowwhichfollowed.A morecompletedescriptionoftheshocktube,of
theinstrumentation,andof theflowdetailsbehindtheprimaryshock
waveisgiveninreference4. Thetestmodelswerelocated68.15 feet
fromthediaphragmstationand,in ordertopreventshockreflections,
theshocktubeextendedan additional60 feetfra themodel.

Thewavevelocityoftheprimsryshockwasmeasuredat 10 locations
inthetubeby useofbothionizationandpressuresensitiveprobes.For
conditionswhereweakshockwavesfailedto tripionizationprobes,sev-
eralionizationprobeswerereplacedby pressuretransducers.Signals
fromalltheseinstrumentsweredetectedby electronicintervalcounters
or onan oscillographtorecord@me of shockpassage.Shockstrengths
werevariedby changingthedrivergas,thedriver-gaspressure,and
theairpressureinthelow-pressuresectionofthetube. Airpressures
inthelow-pressuresectionfromapproximately0.45x 10-2to 9.9 x 10-2
atmospherewereused.

Figure1 isa photographoftypicalmodelsused. Themodelswere
formedintohollowl.O-inch-dian&erpartialspheresat theendofa
3/4-inch-outside-diameterandl/2-inch-inside-diameter~ex glasstubing.
Inthevicinityofthestagnationpointandextendingrearward45° from
thestagnationpoint,theradiusof thespherehada toleranceof
ti.01inch.
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Thesurface-tenrperaturerisewithtimeat themodelstagnation
pointwasdeterminedby measuringtheresistancechangeofa sensitive eelement,orthethin-filmthermometer.Thesensitiveelementmeasured
1/8by 1/8inchandconsistedofa singlethincoatingofHanoviaLiquid
BrightPlatinumNo.05whichwasappliedto themodelinthesamemanner
as thatdescribedinreference5. Theresultingsinteredfilmhadan
approximatethicknessofabout4 x 10-6inchandan electricalresistance
ofabout16 ohmspersquareinch.Thisthermmeterwasresistantto
abrasionby theflowandhada rapidresponseto temperaturechanges
(ref.6). Mesnswereprovidedforconductingelectricalsignalsfrom
thesensitiveelementto instrumentationoutsidetheshocktubethrough
severalleadsthatpassedintothesupportingtubeofthemodel. (See
fig.1.) b ordertominimizesurfaceroughnessbehindthestagnation
point,thinsilverleadswereappliedto thesurfaceto jointhesensi-
tiveelementwithwireLeadsthatenteredthesupportingtube.Thesil-
verleadsweremadefroma liquidsilverpasteandwereappliedwiththe
sametechniqueas thatusedfortheplatinumpaste.Theleadshada low
resistancerelativeto thesensitiveelement.Theyweresubsequently
coveredwithonecoatingof clearinsulatingpainttohelpprevent
detectingstrayelectricalsignals.Theseinsulatedleadshadanaver- .
agemeasuredthicknessof0.0015inch.Thewireleadsinthesupporting
tubingconnectedto thesilverleads~“ behindthestagnationpoint,and
foursilverleadsjoinedto theelement.Twooftheseleadswerecurrent- “
carrying,whiletheothertwowerevoltage-meas~ingleads- a technique
usedearlierintheinvestigationofreference3. Figure2 isa sche-
maticdrawingoftheelectricalcircuitwhichconnectedto thesensitive
element.Inthecircuita 200-ohmresistorcentertappedto groundwas
joinedparalleltothethermometertoprovidea balanceddrain-offfor
anystraysignal.

Thesensitiveelementwascalibratedbeforeeachtestby immersing
themodelinheatedsiliconeoilandnotingtheresistanceof theele-
mentforvariouEtemperaturesoftheoil.‘Duringa test,theresistance
changeofthesensitiveelementonthemodelwasmeasuredby notingthe
voltagedropacrosstheelementfora currentofapproximately10.0milli-
amperesthroughit. Thiscurrentwasfoundtoproduceundetectable
heatingoftheelementwhenthemodelwasplacedinthetestingenviron-
ment. Thechangingvoltageat thesensitiveelementwasamplified,fed
intotheverticalaxisof a cathode-rayoscillograph,andrecordedby a
fib-drumcamera.A csmerafilmspeedof1.0inchpermillisecondwas
maintainedby a synchronousmotor.A typicalvoltage-timerecordpro-
ducedby thesensitiveelementis showninfigure3 fromwhichboththe
voltage-risede(t) andtimeelapsed

As a resultofbombardmentofthe
flow,eachmodelwasusedforonlyone
thedamageto themodelwasslight,as

t wereobtained.

modelby fineparticlesinthe
test,‘althoughon occasionswhere
for.thecaseoflow-velocityflows, “

w
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themodelswererecalibratedfora secondtest. Fineparticleswere
unavoidablypresentintheflowbutit isbelievedthattheyreached
themodelonlyaftertheterminationof steadyflow.

ThethermocouplemodelsofthepretioustestsofMortonCooperand
JimJ. Jonesweresolidglassspheres.Thethermocouplewasformedby
evaporatingontotheglassa compoundbandof overlappingntckeland
silverwhichjoinedatthenoseofthemcdel.Theelectricalcircuit
~oiningthethermocouplewitha voltagepreamplifierandrecordercon-
sistedonlyofa seriesresistorwhichcompensatedfordifferencesin
resistemcebetweentheleadsfkomthepreamplifierto theendsof the
thermocoupleproper.Thethicknessof thethermocouplewasroughly
determinedtobe 4 x 10-6 inch. Themethodof calibratingthethermo-
coupleparalleledthatofthethin-filmthermmneter. Unlikethethin-
fihnthermometer,however,thethermocouplecouldbe usedforrepeated
testswithoutrecalibration.Thethermocouplereadingswereunaffected
by abrasionandpittingduringa test.Allthetestswiththethermo-
couplemodelweremadewithan airpressureofo.*6 x 10-2atmosphere
inthelow-pressurechamberoftheshocktube.

RATAREDUCTION

Thesurface-temperatureriseat thestagnationpointonthemodels
wasdeterminedfromtheresistancechangeofthethin-filmthermometer.
Iftherelativelysmallresistanceof theshortwireleadstotheinstru-
mentationisneglectedthecurrentthroughthesensitiveelement,before
a test,isapproximately

where e representsthevoltageobservedat thesensitiveelementand
i,thebatterycurrentmkasured~useofa standardresistor(fig.2).
Thecalibrationof thesensitiveelementshoweda linearresistance
changewithtemperatureandthetestconditionsdidnotexceedtheupper
calibratedtemperature;therefore,thetest-temperaturechangewithtime
oftheelementcouldbe obtainedfromthefollowingeq,,tion:

T(t).ti ~
‘o 0~ calibrated

Duringa testthecurrent‘o changeda negligibleamountdueto the
resistancechangeofthesensitiveelement.

Inorderto determinetheheat-transferrateatthestagnation
point,a sensitiveelementofnegligiblethiclmesswasused,thatis,
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approximately4 x 10-6 inch(appro,ximatel.y1.0micron).Thisthickness

. permittedtheelementtoregisternearlythetruesurface-temperature “&-
riseofthemodel(ref.6). Italsopermitted,incomputingtheheat-
transferrate,approximationofthestagnationregionas a semi-infinite
solidwhentherunningtimewasrelativelyshort.Witha largetempera-
turedifferencebetweentheairandthemodelandwitha regionofapproxi-
matelysteadyflowbehindtheprimaryshockwave,theheat-transferrate
tothemodelforthefirstfewinstancesoftimecouldbe consideredcon-
stant.Theheat-transfer

As seenfromequation(1)

ratecouldthenbe

(&=&*

obtainedfrom

(1)

thebehaviorofthefunctionT(t) variesas
thesquarerootoftime t. An actualvoltagerecordis showninfigure3.

Shock-tubeflowsgeneratedby theprimaryshockarenotideally
steady.Slightflowvariationsaresometimespresentwhichaffectthe
heat-transferrate.Undertheseconditions,theheat-transferratecan
be describedby

(2)

whichwasderivedfromone-dimensionalunsteadyheatflowconditions.
Althougha constantheat-transferratewasanticipated,thecalculations
weremadeby usingequation(2)asa verification.Numericalcalcula-
tionofthisintegraliscomplicatedby thebehavicmof theintegrand
forvaluesofthed- variableT close to t. By terminating the
integrationat somevalueof ‘r= ta< t,reasonableaccuracycouldbe
maintainedwhentherestoftheintegralwasapproximatedby assuming
that T wasa linearfunctionovertheintervalta to t. This
approximationleadsto:

[JQ(t) =-T(t) +1
‘aT(t) - T(T) d~+m(t - %)

1

1/2

‘F 2 0 (t#2 ‘t
(3)

By comparingthealteredintegrationmethod(eq.(3))withtheexact
methodforthecaseof constantQ(t)(eq.(p))}a v~ue Of ta= o~%
wasfoundtomaintaintheaccuracyofthenumericalintegrationbut
changedthevalueof Q(t) by only4 percent,a constantwhichcould
be accountedforintheresult.Simpson’sapproximationrulewasthen
usedto computetheintegralinequation(3)~~d inthel-astterm~

—
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* -S theaverageslopebetweenta ~d t. mk propertiesof.-
4 dt

theparticularglasswereusedfor k, p,and c. Theheat-transfer
resultsobtainedarepresentedintableI(a)withthecalcfitedreal-
gasflowconditionsandinfigure4 whichshowsthevariationofheat-
transferratewithtime. Forcomparison,tableI(b)showstheflowcon-
ditionsofaircalculatedfora constantratioof specificheatof1.4.
As canbe seenthereis significantdifferencebetweentherealand
idealstagnation-pointconditions.

Calculationsof theflowconditionswerebasedonthemeasuredpres-
sure,temperatureoftheairaheadoftheprimaryshock,andtheshock
velocity.Rankine-Hugoniotconservationrelationswerethenusedinan
iterationprocesstodeterminealltheflowconditions.Real-gasprop-
ertiesforequilibriumconditionswereusedfromreference7 to obtain
tableI(a).Thevalueofthedissociationenergyofnitrogenusedwas
incorrectbutintroducedonlya smallerrorinthecalculatedproperties

0 R, sinceat thestagnationpressurestheofairup to 7,900 amountof
nitrogendissociationwassmall..

Theexperimentalvaluesoftheheat-transferratearecomparedin
figure5 withtheoreticalresultsfromthetheoriesofLees(ref.1)and.
FayandRidden (ref.2). Intheapplicationofboththeoriesa velocity

2p*@
gradientbasedontheNetionianvalues

()
wasused,andreal-gas

q
propertieswerealsoconsideredinthetheories.A Lewisnumberof1.4
wasusedinthetheoryofFayandRidden,andthetheoryofLeeswas

he-~
nmltipliedby

ho”

Rli!SULTSANDDISCUSSION

Aftertheprimaryshockwavepassedthemodel,a regionof compara-
tivelysteadyflowwasestablishedinwhichtestsweremade. Theduration
ofthissteadyflowcouldbe determinedfromtheregularityofthevoltage
riseat thesensitiveelement.(Seefig.3.) Thisdurationwaslongest
forthelowshockstrengths,oftheorderof0.5millisecond,andshortest
forthehighshockstrengths,approximately0.1til~isecond.Reference4
showstherunningtimesavailableat otherstationsintheshocktube.
Figure4 showstheheat-transferratesobtainedat differenttimeinter-
vals. An apparentsharpriseintheheat-transferrate,whichis illust-
rated as a typicslcase,wasattributedtoa particlehittingthemodel.
Theheat-transferratesvaried&mn240 to1,297Btu/sqft/secforreal-
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gasstagnationtemperaturesthatvariedfrom3,300°to7,900°R. Since
a longertesttimetendsto givemoreaccuracyinthedeterminedheat- 9
transferrate(seeref.6)theheatratesat t = 0.22millisecondwere
selectedforcomparisonwiththeoryforallbutthecaseofhighestheat
rate;theseratesaretabulatedintableI(a).Alsoincludedin this
tablearetheresultsof calculationsmadeby approximatingthemeasured
heatinputas a constantrate.

Figure5 showsthecomparisonoftheexperimentalheat-transfer
ratesobtainedwiththosefromapplicationofthetheoriesofLeesand
FayandRi.ddellby indicatingtherespectiveratio:.Theseratiosare
plottedagainstfree-flightMachnuniberswhicharetheflightspeeds
requiredina standmdatmosphere(ref.8)to duplicatethesta~tion
pressuresandtemperaturesoftheshock-tubetests.Thetestconditions
correspondedto theMachnumberrangefrom M = 6.4 to 13.9 andto the
altituderangebetween.40,000and95,000feet.Themaximumheat-transfer
rateof1,297Btu/sqft/secoccurredwitha stagnationconditionthat
correspondedtoa free-flighthkchnumberof 13.9.

.—

Figure5 showsthat the results obtainedwiththe thin-film ther- .
mometeraveragefromO to 30percentlessthantheresultscalculatedby
useofthetheoryofLeesandfrom20 to40percentlessthantheresults
calculatedby useofthemoreaccuratetheoryofFayandRidden. The w

thermocoupleresultsofCooperandJonesindicatebetteragreementwith
thetheoryofFayandRidden,theaverageofthoseresultsbeing10per-
centlessthanthetheoreticalresults.Theresultsofreference3
agreefavorablywiththeresultsfromthetheoryofFayandRiddelL.
Thereappearstobe no apparentreasonfortherelativelylowervalues
ofthepresenttestresults.Precautionwastakentomeasuretheheat-
transferratesat surfacetemperatureswithinthecalibrationrangeof
thethin-filmthermometer.As a noteof interest,ifthevalueofthe
LewisnumberinthetheoryofFayandRiddenwerechangedfrom1.4
to 1.0,thiswouldlowerthetheorycurveinfigure5 by notmorethan
5 percent.

CONCLUDINGREMKRKS

Heat-transferratesatthenoseofl.O-inch-dismetermodelswere
measuredina shocktubewithflow stagnationtemperaturesup to 7,9000R
by usinga thin-film-platinumresistancethermometer.Themaximumheat-
transferrateobtainedwas1,297Btu/sqft/secwhichcorrespondedto a
free-flightMachnumberof13.9.

Theresultsofthepresenttestsaverageapproximately20to40per-
centlowerthantheresultsfromthetheoryofFayandRidden (AVCO
ResearchReport1)butaremorecompatiblewiththeresultsfromthe —

.
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theoryofLees(JetPropulsion,April.1956),beingfromO to 30percent
lower.4 Thesetestresultsalsoshowlowerheat-transferratesthanthose
obtainedby useofa thermocoupleandthoseobtainedbyRoseandStsrk
(AVCOResearchReport3).

LangleyAeronauticalLaboratory,
NationalAdvisoryC!onudtteeforAeronautics,

LangleyField,Vs.,June18,1958.
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Figure1.-Shock-tubeheat-transfer
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models, L-57-233.1
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Figure 2.- Schematicdiagram

/

Sensitive element, Ro (1.0 to 2.0 Olmls)

orelectricalcircuitused in measuxing resistance change of
stagnation-pointthermometer.
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Figure3.- A typical recordshowingvoltagerise withtimeat the sensi-
tive element. Filmspeed,1.0 inchper millisecond.
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Duration of test, milliseconds

Figure4..-
.,

Observedheat-transferratesforO.~-inchnoseradius.
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Figure b.- “Heat-tmnafer rate at stagnationpoint conqared with rates calculated from theory. ~


